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It is assumed that plasmin participates in pericellular
proteolysis in the epidermis. Plasmin is generated by
keratinocyte-associated plasminogen activators from
the proenzyme plasminogen; plasminogen activation
can proceed at the keratinocyte surface. The resultant
plasmin interferes with cell to matrix adhesion and
does possibly contribute to keratinocyte migration dur-
ing reepithelialization. Here we describe the receptor
for urokinase-type plasminogen activator (uPA-R) in
the human keratinoeyte cell line HaCaT, which serves
to direct plasminogen activation to the cell surface; we
relate the receptor to the uPA-R previously described in
human myclo-/monocytes. Binding of ul?A to the recep-
tor accelerated plasminogen aclivation by a factor of
~ 10, compared to ul?’A in solution. Receplor-bound
ul’A was susceptible to inhibition by the plasminogen
activator inhibitors 1 and 2. uPA and uPA-R antigen,
as well as uP’ A activity, were localized to the leading
front of expanding sheets of HaCaT cells. Exposure of
HaCaT cells to plasminogen was followed by detach-
ment of the cells. Detachment was prevented by an anti-
catalytic anti-uPA antibody, by the plasmin-specific in-
hibitor aprotinin, and by the lysine analogue tranexa-
mic acid, the latter of which prevents plasmin{ogen)
binding Lo the cell surface. Qur findings support the hy-
pothesis that uPA-mediated plasminogen activation is
characteristic of mobile rather than sessile keratino-
cytes. Moreover, the uPA-R seems to focalize plasmino-
gen activation to the surface of cells at the site of kera-

tinocyte migration. @ 1994 Academic Press, Inc,

INTRODUCTION

Plasminogen activation by epidermal plasminogen
activators is thought to be involved in pericellular pro-
teolysis under physiological and patholegical conditions
[1-3]. These conditions include epidermal diflerentia-
tion 4], reepithelialization during wound healing |5],
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autoimmune blistering skin diseases [6-8], or psoriasis
{9, 10]. Keratinocytes are the major cellular constituent
of the epidermis. Recently, we have described in human
keratinocytes a cell surface-associated pathway of plas-
minogen activation that can provide plasmin for peri-
cellular proteolysis [11]. Activation of plasminogen de-
pended on the binding of exogencus plasminogen to
low-affinity binding sites at the keratinocyte surface
and was mediated by surface-bound urokinase-type
plasminogen activator (uPA)? [11). To avoid variations
caused by different strains of cultured keratinocytes we
used the HaCaT cell line for our analysis, which has
originally been established from keratinocytes of adult
trunk skin [12). The HaCa'T cells were spontaneously
immortalized, retained a high degree of epidermal dif-
ferentiation [12}, and duplicate normal human epider-
mal keratinocytes in many functions, including the ca-
pability for uPA-dependent plasminogen activation at
the cell surface [11].

From previous studies of others {13, 14] it was con-
cluded that uPA-mediated plasminogen activation may
interfere with cellular adheston to the extracellular ma-
trix and may thus favar the mobilization of keratino-
cytes under conditions of wound healing [5], and possi-
hly also under conditions of epidermal blister formation
[14]. A cell surface receptor for uPA (uPA-R) expressed
by migrating rather than by sessile keratinocytes ap-
peared to play a crucial role in directing uPA activity to
the cell surface (15, 16]. From all previous studies it was

* Abbreviations used: DSS, disuccinimidyl suberate; ANTP, nucleo-
tide triphosphate; FCS, fetal calf serum; HMW.uPA high-molecular-
weight uPPA; LMW-uPA, low-molecular-weight uPA; mAb, monoclo-
nal antibody; PA, plasminogen activator; PAI(-1 or -2), plasminogen
activator inhibitor (-1 or -2); PCR, polymerase chain reaction; PE,
phycoerythrin; P1-PLC, phosphoinositol-specific phospholipase C;
plasmin{ogen), this terim is used when the respective methed, e.g.,
detection by antibodies, eannol discriminate beiween plasminogen
and plagmin; pro-ul’A, proenzyme of ul’A; (pro-JuPA, this term is
used, when the respective method, e.g., detection by antibodies, can-
not discriminate among pro-uPA, HMW-uPA, and/or LMW.uPA;
RT, room temperature; tPA, tissue-type plasminogen activator; uPA,
urokinase-type plasminogen activator; uPA-R, uPA receptor (CD
87).
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of interest to explore in detail the enzymatic conse-
quences and cell-biological implications of the uPA/
uPA-R interaction in human keratinocytes.
Accordingly, the studies presented herein were per-
formed (i) to identify the uPA binding protein(s) (uPA-
R) of the keratinocyte cell line HaCaT, (ii) to explore
the molecular requirements for the interaction between
the receptor and the ligand, (iii} to determine the func-
tional implications of uPA hinding to its receptor, (iv) to
study the regulation of receptor-bound uPA by plas-
minogen activator inhibitors, (v) to disclose the topogra-
phy of uPA-R expression and uPA-mediated plasmino-
gen activation in HaCaTT cell cultures, and finally (vi) to
link uPA-mediated plasminogen activation with plas-
min-mediated mobilization of HaCa'T cells in culture.

MATERIALS AND METHODS

Materials. The plasmin-specific chromogenic substrate H-D-
valyl-L-leucyl-L-lysine-p-nitroanilide dihydrochloride (S-2251; No.
41206) and plasminogen (20 U/mg; No. 41304) were from Hae-
mochrom Diagnostika {Essen, FRG). High-molecular-weight (54
kDa) uPA (Ukidan) was obtained from Serono (Freiburg, FRG),
LMW-uPA (33 kDa) from Sigma {Deisenhofen, FRG), PAI-1 from
American Diagnostica (via Ortho Diagnostic systems, Neckar-
gemiind, FRG), and recombinant PAI-2 from the Behringwerke Ag
{Marburg, FRG). Human recombinant pro-uPA was kindly provided
by Griinenthal {(Aachen, FRG). The monoclonal antibodies against
uPA (HD-UK 1), the uPA-R binding domain of uPA {anti-ATF Pep-
tide, HD-UK 2} [17], and the uPA-R (3B10) [18] have recently been
described. Polyclonal goat anti-uPA, anti-tPA, anti-PAI-1, anti-PAI-
2, and rabbit anti-uPA-R [18] were purified from whole serum by
affinity chromatography (Protein G}. Biotin-labeled goat anti-rabbit
1gG, biotin-labeled rabbit anti-goat IgG, and Cy3-labeled streptavidin
were obtained from Dianova (Hamburg, FRG).

All other reagents for molecular biological techniques were pur-
chased from Boehringer {Mannheim, FRG). Ultrapure dNTP-Mix
was from Pharmacia (Freiburg, FRG), RNA isolation kit was pro-
vided by Stratagene (Heidelberg, FRG). Phosphoinositol-specific bac-
terial phospholipase C was purchased from Boehringer.

Buffer salts and detergents of analytical grade were from Merck
{Darmstadt, FRG). DME medium and all medium supplements were
from Seromed (Berlin, FRG). The serum-free HL-1 medium was
from Paesel (Frankfurt/M., FRG).

Cell culture and removal of noncovalently surface-associated
molecules, The human keratinocyte cell line HaCaT [12] was cul-
tured at 37°C in a humidified atmosphere of 7% CO, using DME
medium supplemented with 2 mM L-glutamin and 10% (v/v) heat-in-
activated fetal calf serum. For serum-free cultures the cells were prop-
agated in HL-1 medium. In control experiments the HL-1 medium
was found to he suited for keratinocyte culture while not influencing
the immunological and funetional determination of plasminogen ac-
tivators.

Molecules associated with the cell surface in a noncovalent manner
were eluted by incubation with glycine buffer (50 mM glycine/HCI,
pH 3.0, 100 mM NaCl} for 3 min at RT. Subsequently, the cells were
neutralized with Hepes buffer (0.5 M Hepes/NaOH, pH 7.5, 100 mM
NaCl) and immediately resuspended in PBS.

Chromogenic substrate assay on cultured cells. HaCaT cells were
seeded at a density of 5 X 10*/well into flat-bottom 96-well tissue
culture plates and were cultivated in serum-free HL-1 medium for 18
h. The cultures were washed twice with PBS and then taken for enzy-
matic analysis. PA activity was determined by addition of plasmino-
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gen (0.05 U/ml} and the chromogenic plasmin substrate S-2251 {40
wg/ml} dissolved in HL-1 medium. The cells were incubated at 37°C,
and after different time-intervals the absorbance change at 405 nm
was directly determined from the 96-well plate by using an ELISA
reader. The assay was performed in the presence of various additions:
different concentrations of tranexamic acid (0.6-15 mAM ), PAI-1 (0.2-
50 ug/ml), or PAIL-2 (0.01-10 pg/ml). In certain experimental setups a
constant amount of PAI-1 or PAI-2 (5§ ug/ml}, respectively, was
preincubated with goat anti-PAI-1 IgG, goat anti-PAI-2 IgG, or nor-
mal goat IgG (1-250 ug/ml) before addition to the cells.

To evaluate the initial rate of plasminogen activation by cell-asso-
ciated or soluble uPA, HaCaT cells were grown to confluence in mi-
crotiter tissue culture plates in DMEM containing 10% FCS [18]. The
cells were acid-stripped and incubated with 3 nM uPA for 30 min at
RT. The enzyme reaction was started by the addition of various con-
centrations of plasminogen (12-380 nM) and the chromogenic plas-
min substrate $-2251 (0.3 mM). The plasmin hydrolysis of 5-2251
was monitored continuously at 405 nm. As a control the experimental
assay was performed in parallel without HaCaT cells.

Initial velocities were calculated from the slope {b) of the plots of
the absorbance at 405 nm versus time* by using the equation v, =
b1+ K, /S }/ck, |19), where K, is the apparent Michaelis constant of
5-2251 hydrolysis by plasmin (0.3 mM), k, is the empirically deter-
mined catalytic rate constant for plasmin hydrolysis of $-2251 (2.5 X
10* M min~" (mol of plasmin) '}, and ¢ is the molar extinction coefli-
cient of p-nitroanilide at 405 nm (10* M~ em™!) [20].

Ligand binding of the HaCaT cell uPA-R, HaCaT cells were seeded
at a density of 5 x 10%/well into flat-bottom 96-well tissue culture
plates and were cultivated in serum-free HL.-1 medium for 18 h. The
cells were incubated for 3 min with glycine buffer followed by neutral-
ization with Hepes buffer to remove endogenously bound uPA. Cells
were washed twice with PBS and incubated with HMW-uPA (0.061-1
pg/ml) or LMW-uPA (1 pg/ml). Alternatively, the incubation with
HMW-uPA was performed in the presence of the following mAb (100
pg/ml): anti-ATF (HD-UK 2; 1gG)), anti-uPA-R (3B10; IgG,). The
anti-Borrelia burgdorferi antibody LA 18 (IgG,) and LA 1 (IgG,)
served as irrelevant isotype-identical control antibodies [21]. After
washing twice in PBS, the cells were taken for analysis of PA activity
by addition of plasminogen and the chromagenic plasmin substrate
8-2251 as described above.

Polymerase chain reaction. Total cellular RNA was isolated from
cells by the method of acid guanidinium thiocyanate/phenol/chloro-
form extraction [22]. Total cellular RNA (1 ug)} was transcribed into
cDNA in a total velume of 100 ul containing 200 uM dANTP-Mix, 25 U
RNase inhibitor 2 uM dithiothreitol, 5 U AMYV reverse transcriptase,
0.2 uM of each 5 ('CATGCAGTGTAAGACCAACG™) and 3’
(2 CTCTCACAGCTCATGTCTGATGAGCCACAGGAAATGC™®)
primer in a buffer of 10 mM Tris, pH 8.3, 1 mM MgCl,, 50 mM KCi
0.01% gelatine. The primer sequences were derived from the uPA-R
cDNA sequence [23]. The mixture was overlaid with mineral oil. The
reverse transcription was carried out at 42°C for 1 h, terminated by
heating to 95°C for 5 min, and then quick-chilled on ice. The polymer-
ase chain reaction was then started by addition of 2.5 U Taq polymer-
ase. Thirty-five rounds of amplification were done in the DNA Ther-
mal cycler (Biomed, FRG) with a 94°C denaturation step (30 s), 45°C
annealing step (45 s), and 74°C extension step (90 s). After amplifica-
tion, the product of each reaction was subjected to electrophoresis in
a 1.5% agarose gel'in TBE buffer. The bands were visualized by ethid-
ium bromide staining. The identity of the PCR amplification prod-
ucts were verified by sequencing (data not shown).

Radicactive ligand binding. Human recombinant pro-uPA was la-
beled with ] by Immundiaghostik GmbH (Bensheim, FRG) to a
specific activity of 4.9 pCi/ug by using the chloramine-T method. -

To study radioactive ligand binding, HaCaT cells were grown to
confluence in 24-well tissue culture plates in DMEM containing 10%
FCS. Cells were washed three times with ice-cold 0.1% BSA/PBS,
and afterward 0.2 m1 0.1% BSA/HL-1 containing increasing amounts
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of ['*I]pro-uPA was added. The plates were incubated on ice for up to
120 min. After three washes with ice-cold PBS the monolayers were
solubilized with 0.2 ml 0.1 M NaOH and radicactivity was counted in
a gamma-counter. Specific binding was determined by measuring the
difference in cell-bound radioactivity in the absence or the presence
of excess unlaheled pro-uPA. The cell number was determined in par-
allel by cell counting after having detached the cells from the plate by
trypsin treatment, Scatchard analysis was used to quantitate the num-
ber of binding sites and K, of the complex [24].

Flow eytofluorometry. To circumvent the effect of proteolytic en-
zymes which can affect the uPA-R [25] single cells were obtained as
follows: cultured HaCaT cells were detached by trypsinization and
seeded in regular serum-containing culture medium. After 4 h incuba-
tion under normal cutture conditions the keratinocytes could be de-
tached as single cells by incubation with 0.2% EDTA/PBS. For detec-
tion of the uPA-R, cells were first acid-treated as described above in
order to unmask uPA-R possibly saturated with endogenous ligand.
Then, 2 X 10° cells were incubated with anti-uPA mAb (HD-UK 1;
undiluted serum-free culture supernatant) or anti-uPA-R mAb
{3B10; 1:100 dilution of ascites fluid) for 1 h on ice in a total volume of
100 ul 1% BSA/PBS. Alternatively, cells were treated with phosphati-
dylinasitol-specific phospholipase C {PI-PLC; 1 U/ml, 30 min, 37°C)
priot to the incubation with anti-uPA-R mAb. After extensive wash-
ing with 1% BSA/PBS the cells were incubated with 2 pg/ml of phy-
coerythrin {PE)-labeled species-specific goat anti-mouse IgG (Faby'),
in 1% BSA/PBS (30 min, on ice). After extensive washing the cells
were resuspended and fixed in PBS containing 1% formaldehyde. La-
heled cells were analyzed by flow cytofluorometry (FACScan, Bec-
ton-Dickinson, Heidelberg).

To determine the autocrine saturation of the uPA-R, acid-treated
cells were quickly neutralized and then incubated in HL-1 medium at
37°C. After different times of incubation, one-half of the cells were
stained for uPA and the other half for the uPA-R.

Immunocytology. For immunostaining, HaCaT cells were cul-
tured on glass coverslips. After 24 h, cultures were washed twice with
PBS and fixed with ice-cold 70% ethancl. Then they were incubated
for 60 min at RT in 10 pgg/ml affinity-purified goat anti-uPA 1gG (10
pg/ml) or rabbit anti-uPA-R IgG (20 ug/ml). In the second step, the
bound antibodies were detected by biotin-labeled goat anti-rabbit or
rabbit anti-geat IgG (1:250), respectively, followed by visualization of
bound biotin with Cy3-labeled streptavidin (1:1000). The negative
controls that were included in cur immunostaining procedures were
as follows: (i) omission of the first antibody by PBS and (ii} replace-
ment of the first specific poly- or monoclonal antibody by either iso-
type-identical irrelevant monoclonal antibodies (anti-Borrelia burg-
dorferi antibodies [21]) or by nonimmune polyclonal 1gG prepara-
tions. These controls did not yield positive staining results (data not
shown). After mounting of stained sections in PBS/glycine, photomi-
crographs were taken using a Zeiss microscope with an integrated
camera and an Ektachrom 400x (Kodak Ltd.) color slide Ailm.

Ouverlay zvmography. The functional activity of the plasminogen
activators was studied by zymography on HaCaT cell cultures, The
overlay mixture consisted of 0.5 ml 8% (w/v) low-fat dry milk powder
solution, 0.75 ml PBS (0.9 mM Ca®* and 1 mM Mg?*), 0.7 ml 2.5%
agar solution in water, and 20 yl of a 4-mg/ml soluticn of purified
human plasminogen. Control experiments were carried out with over-
lay mixtures from which plasmincgen was omitted. The overlay mix-
ture was prepared at 50°C and 180 pl was mounted on the cell Jayer
and spread evenly under glass coverslips. Zymograms were allowed to
develop at 37°C for 24-48 h, and photographs were taken under dark-
ground illumination. To distinguish uPA- from tPA-catalyzed plas-
minogen activation, anti-catalytic goat anti-uPA or anti-tPA antibod-
ies (100 ug/ml) were added to the overlay mixture.

Cross-linking of uPA and uPA-R. HaCaT cells were grown to con-

fluence on tissue culture plates and freed from endogenously bound
uPA as described above. The cells were incubated with 1 nM ['*I)pro-
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uPA in the absence or the presence of excess unlabeled pro-uPA (2 h,
on ice). After extensive washing, surface-bound proteins were cova-
lently cross-linked by treatment with disuccinimidy( suberate (DSS; 1
mM final concentration; incubation for 15 min at RT) [26]. Control
cells were not treated with DSS. The reaction was stopped by the
addition of ammonium acetate (100 mA final concentration, 15 min
at RT). Cells were lysed in 1 ml 1% (v/v) Triton X-100/PBS (30 min
on ice} and electrophoretically separated by using a 10% SDS-poly-
acrylamide gel under nonreducing conditions followed by autoradio-
graphic analysis,

Detachment of cultured cells. HaCaT cells were grown to con-
fluence on tissue culture plates and treated without or with plasmino-
gen (0.5 U/ml) in Ca?*- and Mg2*-free PBS. Alternatively, the plas-
minogen treatment was performed in the presence of various addi-
tions: tranexamic acid (15 mM }, aprotinin (100 U/ml), anti-catalytic
goat anti-uPA, or anti-tPA antibodies (100 yg/ml). After 4 h of incu-
bation, the cells were fixed with 2.5% glutardialdehyde for 15 min at
RT, followed by three washes with 0.1 M borate buffer (pH 8.5). Cells
were then stained with methylene blue (1 mg/ml) in borate buffer (pH
8.5, 15 min at RT). Microphotographs were taken using a Kodak T-
Max black and white film of 400 ASA,

RESULTS

Characterization of the uPA-R Expressed by HaCaT Cells

Previously, a uPA receptor of human myelo-/mono-
cytes {(uPA-R) has been identified, cloned, and se-
quenced [23, 25, 27]. T'o determine whether HaCa'T cells
and normal human epidermal keratinocytes express a
similar uPA-R, the expression of uPA-R-specific
mRNA was studied. Total cellular RNA of HaCaT cells
and normal human epidermal keratinocytes was iso-
lated, cDINA was synthesized by reverse transcription,
and a PCR was performed by using oligonucleotides spe-
cific for the myelo-/monocytic uPA-R. RNA derived
from the myelo-/monocytic cell line U 937 (Fig. 1A, lane
2), which are known to express the uPA-R [28, 29],
served as positive control. RNA of the human NK cell
line YT [30], which is negative for the uPA-R [our un-
published observations] {Fig. 1A, lane 5) served as nega-
tive control. A reaction preduct having the expected mo-
lecular weight of 312 bp indicated the expression of
uPA-R-specific mRNA in U 937 cells, HaCaT cells (Fig.
1A, lane 3), normal human epidermal keratinocytes
(Fig. 1A, [ane 4), but not in YT cells. No specific product
was obtained in any cell when the PCR was performed
without reverse transcription; identity of the amplifica-
tion product was proven by cloning and sequencing
{data not shown).

To explore whether HaCa'T cells express a function-
ally active uPA-R, ligand binding and cross-linking ex-
periments with ['**I|pro-uPA were carried out. Cultured
HaCaT cells were saturated with [**I)pro-uPA and af-
terward treated with the cross-linking agent DSS. Sur-
face-bound ['¥[|pro-uPA was analyzed by SDS-PAGE
and autoradiography. When the cells were saturated in
the presence of an excess of unlabeled pro-uPA, no sur-
face-associated ['2®I]pro-uPA was found (Fig. 1B, lane
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FIG. 1. Identification of uPA-R on HaCaT cells. (A) uPA-R-spe-
cific mRNA in HaCaT cells. Total cellular RNA (1 ug} was reverse
transcribed into ¢cDBDNA and amplified by using wPA-R-specific sense
and antisense primers. The amplification product of 312 basepairs
(bp) could be detected after separation by agarose gel electrophoresis
(arrow). Lane 1, molecular weight marker; lane 2, U 937; lane 3, Ha-
CaT cell line; lane 4, normal epidermal keratinocytes; lane 5, YT cell
line. (B) chemical cross-linking of uPA-R and [**I]pro-uPA. HaCaT
cultures were freed from endogenously bound uPA by acid treatment.
Afterward, the cells were incubated with a trace amount of [***I]pro-
uPA (1 nM) in the absence or the presence of excess unlabeled pro-
uPA followed by DSS-mediated chemical cross-linking. The cells
were solubilized and separated by SDS-PAGE under nonreducing
conditions using a 10% gel. Radioactively labeled proteins were visual-
ized by autoradiography. Lane 1, HaCaT cells incubated with [*%]]-
pro-uPA in the presence of excess unlabeled pro-uPA; lane 2, HaCaT
cells incubated with ['®*I]pro-uPA without chemical cross-linking:
only the 54-kDa band of free ['2°I|pro-uPA was visible; lane 3, HaCaT
cells incubated with ['*I]pro-uPA followed by chemical cross-linking:
an additional band of 110 kDa is visible.

1). In cells that were saturated but not treated with the
cross-linking agent DSS, the 54-kDa band of ['***I]pro-
uPA was observed (Fig. 1B, lane 2). When, however,
cells were saturated with ['**I|pro-uPA followed by
treatment with DSS, an additional band of 110 kDa was
observed (Fig. 1B, lane 3). The latter finding indicated
covalent cross-linking of ['**I]pro-uPA (having a molec-
ular weight of 54 kDa) with a binding structure of
=55 kDa. The molecular weight corresponded to the
known molecular weight of the uPA-R of myelo-/mono-
cytes [27].

These findings indicated the presence of a uPA-R
molecule in HaCaT cells that is identical to the uPA-R
of myelo-/monocytes [28, 29]. Recently, a mAb specific
for the uPA-R of activated macrophages has been devel-
oped (mAb “3B10”) [18, 31]. To further identify the
uPA-R molecule expressed by HaCaT cells, the mAb
was used for flow cytometry (Fig. 2). The majority of the
HaCaT cells stained positive with mAb 3B10 (Fig. 2A).
When the cells were pretreated with the bacterial phos-
phoinositol-specific phospholipase C the staining was
reduced in ~=50% of the cells to almost background lev-
els (Fig, 2C). Partial susceptibility to PI-PLC has also
been described for the uPA-R of myelo-/monocytes
[31, 32].

To explore whether the uPA-R of HaCaT cells was
saturated with (endogenous?) (pro-)uPA, the cells were
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analyzed by flow cytofluorometry using the (pro-juPA-
specific mAb HD-UK 1 [17]. The majority of the cell
population displayed positive staining (Fig. 2B), indi-
cating that the natural ligand (pro-)uPA was bound to
the HaCaT cell surface.

Based on the hypothesis that the uPA-R is saturated
by endogenous (pro-yuPA, the time course of uPA-R
saturation with endogenous (pro-)JuPA after removal of
cell surface-associated (pro-)uPA was studied. The
HaCaT cells were treated with acidic buffer to release
(pro-JuPA from its receptor. Afterward, the cells were
incubated for different time intervals in serum-free me-
dium and then tested for surface-associated uPA and
uPA-R by using the respective mAbs. The positive/neg-
ative cutoff was arbitrarily set to a fluorescence inten-
sity of 5; cells were scored positive if they displayed a
fluorescence intensity of >5. The fraction of uPA-R-pos-
itive cells was ~80% during the entire observation pe-
riod {(open circles; Fig. 2DD). The percentage of uPA-posi-
tive cells increased from ~35% immediately after acid
treatment of the cells to =~65% after 190 min of incuba-
tion in serum-free medium {closed circles; Fig. 2D). The
findings indicated a constant level of uPA-R expression
and a time-dependent increase in uPA-R occupancy.

The physicochemical characteristics of the interac-
tion between uPA and its receptor were explored next.
The time dependence (Fig. 3A) as well as the concentra-
tion dependence (Fig. 3B) of ['®¥Ijpro-uPA binding to
HaCaT cells was studied. Radiolabeled pro-uPA bound
to HaCa'l' cells and the interaction was inhibited by
~75% by an excess of unlabeled pro-uPA, indicating
that the binding was specific and saturable. The binding
reached an equilibrium after ~100 min at 4°C (Fig. 3A).
When incubated with 15 nM ['2*1]pro-uPA under condi-
tions of apparent equilibrium binding {120 min, 4°C),
HaCaT cells saturably bound =1.7 X 10* pro-uPA mole-
cules per cell (Fig. 3B; Inset), which 1s comparable to
other epidermal cell lines [33]. The binding interaction
had an apparent K, of 1 nM, which is in the similar
range as for the uPA-R of myelo-/monocytes [34] and
another epidermal cell line [33].

Structural Requirements for Binding to the uPA-R and
Functional Activity of uPA-R-Bound uPA

HaCaT cells were grown to near confluence, acid-
treated, and then saturated with graded concentrations
of HMW-uPA (1-0.061 ug/ml) or a high concentration
of LMW-uPA (1 ug/ml). After 1 h at RT the nonbound
uPA was removed by washing. Plasminogen activation
by the cell-bound uPA was then measured by addition of
plasminogen and the plasmin-specific chromogenic
peptide substrate S-2251. Without saturation, the cells
activated the plasminogen to some extent, as indicated
by an absorbance change of 0.2 after 60 min of incuba-
tion (Fig. 4A; open circles). Whether the activity was
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The human keratinocyte cell line HaCa'T expresses a uPA-R and cell surface-associated uPA as revealed by immunostaining with

monoclonal antibodies and flow eytofluorometry. (A} Single cell suspensions of HaCaT cells were stained for uPA-R by using an anti-uPA-R-
specific mAb (3B10) and (B} for cell surface-associated uPA by using an anti-uPA mAb (HD-UK 1). (C) HaCaT cells were incubated with
PI-PLC (1 U/ml, 30 min, 37°C} prior to staining with the anti-uPA-R-specific mAb. Bound antibody was visualized by using phycoerythrin-la-
beled anti-mouse IgG. The dotted line depicts the negative control: HaCaT cells stained with phycoerythrin-labeled antibedy only. (D)
Autocrine saturation of WwPA-R. HaCaT cells were {reed from surface-bound uPA by acid treatment and incubated in serum-free HL-1
medium. After different times of incubation, the cells were stained for uPA-R (open circles) and uPA (closed circles), respectively. The data are
shown as percentage of stained cells {“% positive cells”). The positive/negative cutoff was arbitrarily set to a fluorescence intensity of 5; cells

were scored positive if they displayed a fluorescence intensity of >5.

due to incomplete removal of surface-associated uPA by
the acid-treatment or to resaturation of the uPA-R with
endogenous {pro-juPA cannot be determined on the
basis of our data. When, however, the cells were satu-
rated with HMW -uPA, increased plasminogen activa-
tion was observed (Fig. 4A; closed symbols). The in-
crease of plasminogen activation depended upon the
concentration of HMW-uPA; 1 ug/ml of HMW-uPA
yielded an absorbance change of 1.0 after 60 min of in-
cubation. Preincubation of the cells with 1 ug/ml of
LMW-uPA did not increase cellular plasminogen acti-
vation over background levels (compare open circles
and rectangles in Fig. 4A). The findings indicated that
the known receptor binding epitope in the growth factor
domain of uPA, which is present in HMW-uPA but
lacking in LMW-uPA, is involved in binding of
{pro-)uPA to the HaCaT cell uPA-R.

Furthermore, we tested whether the binding interac-
tion between HMW-uPA and the uPA-R could be
blocked either by an anti-(pro-}JuPA mAb that recog-
nizes the receptor binding domain of {(pro-)uPA (mAb

HD-UK 2} [17] or by the anti-uPA-R mAb 3B10 that
interferes with (pro-)uPA binding to the uPA-R [18, 35].
Binding of HMW-uPA to the HaCaT cells could be
blocked by both antibodies, but not by isotype-matched
control antibodies (Fig. 4B). The findings further cor-
roborate that uPA is bound to the HaCa'T cell uPA-R
via the receptor-binding domain located within the
growth factor domain of the A-chain of HMW-uPA and
pro-uPA.

Efficiency of Plasminogen Activation by Receptor-Bound
uPA

The data presented so far indicates that in HaCaT
cells the uPA-dependent surface-associated plasmino-
gen activation is mediated by uPA bound to a receptor
molecule (uPA-R); the uPA-R is molecularly and func-
tionally indistinguishable from the known uPA-R of
myelo-/monocytes [27, 28, 36]. Next we explored
whether the uPA-mediated plasminogen activation is
altered when the enzyme is hound to the uPA-R. There-
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FIG. 3. Binding of ['®*I)pro-uPA to HaCaT cells, {A) Time-de-
pendent binding. HaCaT cells were incubated for different intervals
of time with a trace concentration of ['*I]pro-uPA (1 nM) in the
absence or the presence of an excess of unlabeled pro-uPA. For the
indicated time points specific binding of [**I]pro-uPA was calculated
as follows: “specific binding” = (binding in the ahsence of unlabeled
pro-uPA) — (binding in the presence of unlabeled pro-uPA). The spe-
cific binding was about 75% of the total binding. (B) Concentration-
dependent binding. Acid-stripped cells were incubated at 4°C for 2 h
with increasing concentrations of [***I]pro-uPA (0.3-20 nM} in the
absence or the presence of an excess of unlabeled pro-uPA. Specific
binding was calculated as described above. Inset: Scatchard plot of
pro-uPA binding to HaCaT cells. The data are derived from B. The
best straight line fit to the experimental points was calculated by
linear regression and had a coefficient of correlation of 0.96, The
apparent number of ["*1]pro-uPA receptors per cell was 1.7 ¥ 10* and
the binding interaction had an apparent K, of 1 nM.

fore, plasminogen activation in the presence of uPA-R-
expressing HaCa'T cells was studied essentially as previ-
ously described [37]. HaCaT cells were saturated with
HMW-uPA and the activation of glu-plasminogen was
followed by hydrolysis of the plasmin-specific substrate
$5-2251. The activation of plasminogen was enhanced by
a factor of =~7-10 in the presence of HaCaT cells (Figs.
5A and 5B). When plasminogen activation was studied
in the presence of tranexamic acid, which prevents plas-
min(ogen} binding to the cells, no enhancement was ob-
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served (Fig. 5A, closed circles). Tranexamic acid did not
inhibit plasminogen activation by uPA in the absence of
cells (Fig. 5A, closed rectangles).

Regulation of Receptor-Bound uPA

PAI-1 and PAI-2 are natural inhibitors of uPA activ-
ity [38, 39]. Both types of PA inhibitors are expressed in
cultured human epidermal keratinocytes [14, 15], in
HaCaT cells [Reinartz et al., unpublished observations],
and in the epidermis {40, 41]; the inhibitors may there-
fore act as regulators of keratinocyte-associated plas-
minogen activators. We explored whether uPA, when
bound to the uPA-R of keratinocytes, is susceptible to
regulation by the inhibitors. HaCa'T cultures were incu-
bated with graded concentrations of PAI-1 and PAI-2.
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FIG. 4. Activity of cell surface-bound uPA. {(A) Acid-treated Ha-
CaT cells were incubated with HMW-uPA (0.061, 0.25, 1 pg/ml) or
LMW-uPA (1 ug/ml} for 1 h. After extensive washing the cell-asso-
ciated uPA activity was assessed in an indirect chromogenic assay
using exogenous plasminogen and the plasmin-specific chromogenic
peptide substrate 5-2251. Substrate hydrolysis was followed at 405
nm for 120 min. (B) The saturation of acid-stripped cells with HMW -
uPA (0.25 pg/ml) was performed in the presence of various monoclo-
nal antibodies (200 ug/ml). The binding of HMW-uPA was reduced in
the presence of a mAb recognizing the uPA-R-binding epitope of uPA
(HD-UK 2) or an anti-uPA-R mAb (3B10), but not in the presence of
isotype-matched control antibodies (ILA18, LA1).



492

Plasminogen activation was then measured by addition
of plasminogen and the plasmin substrate S-2251. PAI-
1 (Fig. 6A) as well as PAI-2 (Fig. 6B) caused a dose-de-
pendent inhibition of uPA-catalized plasminogen acti-
vation. The specificity of the interaction was proven by
immunological biocking experiments, in which the in-
hibitory activity of the PAls was counteracted by anti-
bodies specific for PAI-1 or PAI-2, respectively (Figs.
7A and 7B).

Localization of uPA-Dependent Plasminogen Activation
in HaCaT Cell Cultures

In view of the hypothesis that uPA [5, 42] and uPA-R
expression [15, 33] is most pronounced in migrating
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FIG. 5. Plasminogen activation by cell-associated or soluble
uPA. HaCaT cells were grown in flat-bottom tissue culture plates. At
subconfluence, cells were acid-stripped and incubated with 3 nM uPA
for 30 min at RT. Afterward, varying concentrations of plasminogen
(12-380 nM) and the plasmin-specific chromogenic substrate S-2251
were added. {A} Time-dependent plasminogen activation by uPA in
the absence {open rectangles} or the presence (open circles) of Ha-
CaT cells. The activation of plasminogen (380 nM) was measured at
3-min intervals and is given as absorbance change at 405 nm. Closed
symbols represent parallel assays performed in the presence of 15
mM tranexamic acid. (B} Concentration- dependent plasminogen ac-
tivation by uPA in the absence (open circles) or the presence (closed
circles) of HaCaT cells. Initial velocities were determined from the
slopes of plots of A, versus time’ as described under Materials and
Methods.
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FIG. 6. Inhibition of cell-associated uPA by PAI-1 {A) and PAI-2
(B). HaCaT cells were grown in flat-bottom tissue culture plates. At
subconfuence cells were incubated for 30 min at RT without (A, B,
hatched bars) or with increasing concentrations of PAI-1 (A, closed
circles) or PAI-2 (B, closed circles), respectively. PA activity was de-
termined by addition of plasminogen and the plasmin-specific sub-
strate $-2251 followed by incubation at 37°C. The hydrolysis of
§-2251 was measured after 120 min at 405 nm.

keratinocytes, we tested the plasminogen activator ac-
tivity in HaCaT cell cultures by overlay zymography
(Fig. 8). Plasminogen-dependent lysis of the overlying
protein gel was found te be most prominent at the lead-
ing edge of expanding HaCaT cell monolayers (Figs.
8B-8E). Moreover, lysis was most pronounced in rap-
idly expanding small clusters of HaCaT cells (Fig. 8D).
Inhibition of plasminogen-dependent lysis by anti-uPA
but not by anti-tPA antibodies, proved that lysis was
uPA-dependent (Figs. 8E and 8F). In the next experi-
ments we explored whether uPA activity colocalizes
with uPA and uPA-R antigen. uPA (Figs. 9A-9C)- and
uPA-R-specific (Fig. 9D) immunostaining was most pro-
nounced at the leading edge of expanding keratinocyte
sheets.

Taking the hypothesis that plasmin, which is gener-
ated in the pericellular space, can lead to the destabili-
zation of cell/matrix interactions and favor the mobili-
zation of keratinocytes [11, 16] we tested whether uPA-
dependent generation of plasmin can cause the
detachment of HaCaT cells from their culture substra-
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FIG. 7. The inhibitory activity of PAI-1 and PAI-2 is prevented
by specific anti-PAI-1 or anti-PAI-2 antibodies, respectively. HaCaT
cells were grown in flat-bottom tissue culture plates to subconfluence.
Control (1): plasminogen activation by cells incubated without any
additions; control (I1): plasminogen activation by cells incubated with
a standard concentration of § yg/ml PAI-1 (A} or PAI-2 (B), For the
antibody inhibition experiments, PAI-1 (A) or PAIL-2 (B) were incu-
bated with increasing amounts of goat anti-PAI-1 IgG (triangles) or
anti-PAI-2 IgG (circles) for 30 min at RT and then added to the cells.
After 30 min at RT, PA activity was determined by addition of plas-
minogen and the plasmin-specific substrate $-2251. The hydrolysis of
5-2251 at 37°C was measured after 120 min at 405 nm.

tum. HaCa'l' cells exposed to plasminogen under
serum-free culture conditions for 0-4 h changed mor-
phology to a more rounded shape and were partially
detached from the culture plate (Fig. 10}). Rounding and
detachment was prevented if the incubation with plas-
minogen was performed in the presence of the plasmin
inhibitor aprotinin (Fig. 10C) or in the presence of the
lysine analogue tranexamic acid (Fig. 10D). In view of
the previous findings that tranexamic acid prevents
binding and subsequent activation of plasminogen at
the keratinocyte surface [11], the present data indicate
that the rounding and detachment of HaCaT cells de-
pends on plasmin that is generated from plasminogen at
the HaCaT cell surface. Moreover, detachment was pre-
vented by anti-catalytic anti-uPA (Fig. 10E) but not by
anti-catalytic anti-tPA (Fig. 10F) antibodies.

DISCUSSION

Previous studies had shown that plasmin is generated
by uPA at the surface of normal human epidermal kera-
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tinocytes and the keratinocyte cell line HaCaT [11].
The expression of a uPA binding molecule(s) (uPA-re-
ceptor) that directs uPA activity to the cell surface ap-
peared to be crucial for that process. Here we demon-
strate that the keratinocyte cell line HaCaT expresses a
high-affinity cell surface receptor for uPA (uPA-R) with
a molecular weight of ~55 kDa, a conclusion that is
based on the Scatchard analyses (Fig. 3B), and the
cross-linking experiments (Fig. 1B) using [***I|pro-uPA.
The molecular weight and affinity of the HaCaT cell

uPA-R are similar to those of the uPA-R previously de-

scribed in myelo-/monocytes [23, 28, 34, 36] and human
keratinocytes [33, 43]. Identity with the myelo-/mono-
cytic uPA-R was further suggested by the following evi-
dence: (i) mAb 3B10, which has originally been raised
against the uPA-R of activated macrophages [18, 31],
reacted with HaCa'T cells in flow cytofluorometry (Fig.
2) and inhibited uPA binding to the HaCaT cells (Fig.
4B), (ii) the PCR analyses using oligonucleotides spe-
cific for the myelo-/monocyte uPA-R [23] led to the ex-
pected amplification product with RNA from HaCaT
cells and normal human epidermal keratinocytes {Fig.
1A}, (ii1) similar to the uPA-R of myelo-/monocytes [44]
and normal keratinocytes [15], uPA binding to the uPA-
R of HaCaT cells was of high affinity (Fig. 3B) and was
mediated by the receptor-binding epitope located in the
growth factor domain, which is present in HMW-uPA
and pro-uPA, but lacking in LMW -uPA (Fig. 4A), and
(iv) similar to the uPA-R of myelo-/monocytes, the Ha-
CaT cell uPA-R was partially sensitive to PI-PLC (Fig.
2D). The collective evidence strongly suggests that Ha-
CaT cells express a uPA-R that corresponds to the
uPA-R of the myelo-/monocytes [27, 28, 36] and normal
human keratinocytes [15].

In epidermal (patho)physiology, uPA-mediated plas-
minogen activation has been linked with the migration
of keratinocytes during reepithelialization in wound
healing [5]. Keratinocyte migration from the wound
edge or from the hair follicles begins hours after wound-
ing and precedes the enhanced cell proliferation re-
quired to restore epidermal architecture [15]. Plasmin-
ogen activation by uPA at the leading edge of migrating
epidermal sheets may be advantageous to aid the kera-
tinocyte in its movement through the complex extracel-
lular matrix of the wound bed [45]. Several events in
this process might be mediated by plasmin, e.g., cleav-
age of a path through the matrix, breakage of cell/sub-
stratum bonds to allow mobilization of keratinocytes
and cell movement, and/or generation of biologically
active fragments of fibrin or fibronectin [46, 47, 48]. In
line with these considerations, McNeill and Jensen [15]
explored primary cultures of neonatal foreskin keratin-
ocytes: by radioactive ligand binding and by using anti-
uPA antibodies for immunocytology they found that
uPA-binding is enhanced at the edge of expanding kera-
tinocyte sheets [15]. Our findings are in agreement with
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FIG. 8.

Plasminogen activation by HaCaT cell cultures, Overlay zymography by using a plasminogen-containing indicator gel. Zymog-

raphy was performed in the absence (A} or the presence (B, C, D, E, and F} of plasminogen. Furthermore, anti-catalytic goat anti-tPA (E) or
goat anti-uPA (F) were incorporated into the indicator gel. After incubation for 48 h at 37°C plasminogen activation is reflected by dark clear
zones of lysis (arrowheads). Microphotographs were taken using a Kodak T-Max black and white film of 400 ASA (magnification: X100).

these previous data: in the HaCaT cells uPA-R as well
as uPA antigen was up-regulated at the leading edge of
expanding cell sheets (Fig. 9) and in small, rapidly ex-
panding cultures (Fig. 9B}, both locations where cell mi-
gration occurs. Thus, the data presented herein indicate
that HaCaT cells duplicate normal keratinocytes in the
regulation of uPA-R expression. The immunocytologi-
cal findings on the localization of uPA were corrobo-
rated by zymography, showing that uPA activity was
pronounced at—if not confined to—the leading edge of
growing keratinocyte sheets and to small cell clusters
(Fig. 8).

QOur data (Fig. 2B) indicate that only part of the uPA-
R can be removed by PI-PLC treatment. This is reminis-
cent of previous findings with myelo-/monocytes {31,
32] and does not necessarily indicate the existence of an
additional subpopulation of transmembrane-anchored
uPA-R molecules or an alternative binding mechanism
for surface-associated uPA, The incomplete release of
uPA-R observed after PI-PLC treatment may merely
reflect a partial acylation of the 2-hydroxy! group of the
inositol residue in the glycolipid anchor of the uPA-R, a
meoedification found in some GPI-anchored proteins that
hampers catalytic mechanism of PI-PLC [32]. It re-
mains open, however, whether the fraction of the cell-
bound uPA which is not releasable by PI-PLC treat-
ment may be bound by alternative mechanisms, which

could encompass binding to plasma membrane ganglio-
sides [49].

With the observation that receptor-bound uPA is in-
ternalized only very slowly in neonatal foreskin keratin-
ocytes, McNeill and Jensen [15] had already suggested
that receptor-bound uPA serves an extracellular func-
tion. The assumption is supported and extended by our
present findings. Plasminogen activation in the pres-
ence of uPA-R-expressing cells was increased by a fac-
tor of 7-10; no such stimulation was observed when the
binding of plasminogen to the cell surface was pre-
vented by tranexamic acid. This finding indicates that
binding of uPA to the uPA-R not only serves to focalize
uPA activity, but also to enhance its catalytic efficiency.
The blocking of the uPA function by an anti-catalytic
mAb, as well as the inhibition of plasmin by aprotinin,
and blocking of plasminogen binding to the cell surface
by tranexamic acid prevented the rounding and detach-
ment of cultured HaCaT cells (Fig. 10) in the presence
of plasminogen. These findings lend support to the hy-
pothesis that receptor-bound uPA mediates activation
of exogenous plasminogen and that the plasmin gener-
ated serves an extracellular proteolytic function that in-
terferes with cellular adhesion to the growth substra-
tum. The finding is compatible with previous data ob-
tained by immunocytology on fibrosarcoma cells [50,
51] and electron microscopy on an epidermal cell line
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FIG. 9.

Immunocytology revealed expression of uPA and uPA-R at the leading edge of outgrowing HaCaT cultures. HaCaT cells were

cultured on glass coverslips for 24 h. Afterward, cultures were stained with goat anti-uPA IgG (A, B, C, arrowheads) or rabbit anti-uPA-R IgG
(D, arrowheads}. Microphotographs were taken using a Kodak Ektachrom 400X color slide film (magnification, X592). No specific staining
was observed when the anti-uPA or anti-uPA-R antibodies were omitted or when nonimmune IgG of the same species and concentrations were

used (data not shown).

[52], which demonstrated the association of the uPA-R
with cell/matrix contacts.

Furthermore, we provide evidence that the uPA-R of
cultured keratinocytes is saturated with endogenous
(pro-)uPA (Fig. 2D). This implies that during reepithe-
lialization, where sheets of keratinocytes start to mi-
grate out on a fibrin-rich extracellular matrix [45], the
migrating keratinocytes do not depend on saturation of
their uPA-R with (exogenous) (pro-)uPA provided via
the interstitial fluid or from surrounding uPA-secreting
cells [53]. This is also in agreement with the results of
previous immunohistological studies of Grondahl-Han-
sen and co-workers [5], who demonstrated uPA-specific
immunoreactivity in keratinocytes of the outgrowing
epidermal sheet in wound healing.

PAI-1 and PAI-2 are the natural inhibitors of (u)PA

[38, 39]. When HaCaT cells were exposed to PAI-1 or
PAI-2,cell-associated plasminogen activation was inhib-
ited in a dose-dependent manner (Fig. 8). The findings
indicate that uPA-R-bound uPA is subject to inhibition
by the specific PA inhibitors, which is in agreement with
previous findings in myelo-/monocytes [29, 54], and
epidermal cells [65]. For the human keratinocyte cell
line NCTC Del Rosso and co-workers showed that the
binding of PAI-1 to receptor-bound uPA enhances the
internalization of the complex among enzyme, inhibi-
tor, and receptor [55}. This may provide a pathway for
down-regulation and clearing of cell-associated uPA.
Whether in HaCaT cells the interaction of receptor-
bound uPA with PAI-1is followed by increased internal-
ization remains to be explored.

Keratinocytes can produce both types of PAI in vitro
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FIG. 10. Plasmin generated by cell-associated uPA interferes with HaCaT cell adhesion. HaCaT cells were grown to near confluence in
regular 24-well tissue culture dishes. The cells were then incubated without (A) or with plasminogen (0.5 U/ml PBS; B-F) for 4 h at 37°C. The
plasminogen treatment was performed in the presence of various additions, aprotinin (100 U/ml; C), tranexamic acid (15 mM; D), anti-cata-
Iytic uPA-specific antibody {10 pg/ml; E) or anti-catalytic tPA-specific antibody (10 gg/m); F). The adherent cells were stained with methylene
blue and microphotographs were taken. Addition and subsequent activation ensued hy rounding and detachment of the cells from the culture
plates; detachment could be prevented by the aprotinin, tranexamic acid, and an anti-catalytic uPA-specific antibody. Microphotographs were
taken using a Kodak T-Max black and white film of 400 ASA (magnification: X100}.

[14]; in vivo the production of PAI-2 is characteristic of
differentiated keratinocytes [40, 41]. Thus, it appears
plausible that the production and secretion of PAI(-2)
by differentiating keratinocytes could serve to down-
regulate uPA bound to the uPA-R. The following sce-
nario may be envisaged: in less differentiated keratino-
cytes, e.g., in keratinocytes of the primary epidermal
outgrowth, uPA-R expression is up-regulated, followed
by receptor saturation with endogenous (pro-juPA. Con-
comitant binding of exogenous plasminogen to the cell
surface would allow the start of plasminogen activation
at the cell surface. Once epidermal continuity is re-
stored and the keratinocytes begin to differentiate and
synthesize PAI-2, the secretion of the inhibitor could
then serve to down-regulate cell-associated uPA activ-
ity. This would favor the binding of keratinocytes to the
underlying matrix and would be one aspect of the con-

version of the keratinocyte into a more sessile pheno-
type. To get more insight in this matter, we are pres-
ently exploring the role of keratinocyte-derived PAls in
the regulation of surface-associated plasminogen acti-
vation.

Finally, there is increasing evidence that ligand bind-
ing to the uPA-R may have even wider implications. For
keratinocytes the consequences of uPA-R/uPA interac-
tion include the stimulation of proliferation [56] and the
delivery of chemotactic signals [33]. For myelo-/mono-
cytes an induction of differentiation has recently been
demonstrated [57, 58]: in phorbol ester-treated myelo-/
monocytes the autocrine interaction of uPA with the
uPA-R mediated the conversion of the uPA-R-express-
ing cells into an adhesive phenotype. Whether the uPA/
uPA-R interaction can also induce differentiation in
keratinocytes remains to be explored.
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The consequences of the uPA/uPA-R in keratino-
cytes may be dual; (i) the induction of the surface-asso-
ciated pathway of plasminogen activation, as shown in
the present report, and (ii} the induction of intracellular
signals that may regulate the cell-biological behavior of
the uPA-R-expressing keratinocyte [59, 60]. The former
provides the cell surface and the pericellular space with
the proteolytic potential of plasmin, permitting keratin-
ocyte migration. The latter may regulate the subsequent
behavior of the moving keratinocyte. The distinct con-
sequences may have a phasic time course: an immediate,
plasmin-dependent mobilization of the keratinocyte,
followed by the chemotactically guided migration of the
cells, and finally by the delivery of a signal for differen-
tiation. These speculations provide further incentive for
studies on the cell-biological consequences of uPA-R
expression and ligand binding in human keratinocytes.
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